Quantum mechanics, molecular dynamics and statistical mechanics methods are used to analyze the importance of neutral Hoogsteen-wobble G·C pairing in the stabilization of triple helices based on the poly-(G·C-C) trio at neutral pH and low ionic strength. In spite of the existence of a single hydrogen bond, the Hoogsteen-wobble G·C pair is found to be quite stable both in gas phase and solvated DNA.
INTRODUCTION
DNA triple helices are structures formed by the interaction of a duplex DNA with an extra oligonucleotide strand, the so-named triplex forming oligonucleotide (TFO). The interaction of the TFO with the DNA duplex is specific due to the existence of H-bonds in the major groove between the purine strand of the DNA and the pyrimidines (pyrimidine motif) or purines (purine motif) of the TFO.
TFOs might have a large therapeutic interest related to their ability to interact with specific fragments of DNA. This opens the possibility of blocking the activity of specific genes by adding suitable oligonucleotide sequences. Several examples in the literature (1) (2) (3) (4) (5) (6) demonstrate that this 'anti-gene' strategy might be one of the most promising therapies in the future. It should be noted, however, that triplex-based therapies still present a series of technical problems, several of them related to the lack of detailed 3D information on these structures (1) (2) (3) (4) (5) (6) . Thus, even for the most studied triplexes [those based on the d(A·T-T) and d(G·C-C) trios] there are no high resolution X-ray diffraction data, and just a few NMR structures have been published (7) (8) (9) (10) (11) (12) (13) .
This explains the existence of debate regarding many key issues in the structure of DNA triplexes, particularly about the canonical structure of triplex DNA, and the chemical nature of d(G·C-C) trios in d(G·C-C)-based triplexes (see for instance, the different structures described in 1, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The clarification of these issues is essential for the understanding of structure, flexibility and reactivity of DNA triple helices.
Inspection of standard H-bond pairings in Figure 1 demonstrates the formation of a Hoogsteen double H-bond between cytosine and guanine needs a proton between cytosine N3 and guanine N7. The most extended hypothesis assumes that cytosine [whose pKa (4.7) is greater than that of guanine] is protonated at N3, which allows the formation of a strong neutral-ion pair, where the charge is located in the cytosine (18) . The existence of d(G·C-C+) trios is supported by solid experimental data, such as the strong pH dependence of d(G·C-C) based triplexes (20) , and NMR spectra (9, 10, 12, 13, (16) (17) (18) (19) (20) (21) (22) , where the signals corresponding to protonated cytosines are clear. On the contrary, there is also evidence favoring the existence of neutral d(G·C-C) trios, such as the surprising stability of these triplexes at neutral pH (23) (24) (25) , accurate calorimetric (26) analysis showing that the number of extra protons in a d(G·C-C) based triplex is smaller than the number of d(G·C-C) trios. These results suggest that not all the d(G·C-C) trios of a d(G·C-C)-based triplex are formed with protonated cytosine, but some of them might be formed with neutral cytosines.
Inspection of Figure 2 suggests that a clear alternative to the Hoogsteen (G-C) + is the pairing of guanine with an imino cytosine [(G-C) i pairing]. Recent molecular dynamics (MD) simulations (27) performed on the structure of triplexes containing the d(G·C-C) motif suggest that even at neutral pH and low ionic strength the d(G·C-C) trios containing protonated cytosines are in general more stable than those defined with neutral cytosines. However, the same simulations suggest that the situation might change when the d(G·C-C + ) trio is surrounded by neighboring d(G·C-C + ) trios [like for instance in the d(G) n sequences], since the strong electrostatic repulsion between three contiguous protonated cytosines destabilizes the triplex. In this case MD simulations and Poisson-Boltzman calculations (27) suggest that the stability of triplexes is enlarged by a suitable combination of neutral and protonated d(G·C-C) trios. Such a hypothesis has been indirectly supported by very recent NMR *To whom correspondence should be addressed. Tel/Fax: +34 93 4021219; Email: modesto@luz.bq.ub.es Inspection of Figure 2 shows that there is an alternative possibility for a neutral Hoogsteen G·C pairing. This type of wobble interaction is stabilized by a single H-bond, and accordingly does not seem a priori very stable. However, recent high level QM calculations (28) suggested that a Hoogsteenwobble pairing like that in Figure 2 can lead to stable pairings. This surprising finding raises the question of whether neutral d(G·C-C) trios can be stable without the existence of the rare imino tautomer of cytosine [d(G·C-C) i trios], and whether or not such trios can lead to stable triple helices.
In this paper we present a theoretical analysis of the possible role of neutral d(G·C-C) wobble trios [d(G·C-C) w ] in the stabilization of d(G·C-C)-based triplexes. QM calculations were used to determine the stability of (G-C) i and (G-C w ) pairing. MD simulations were used to determine the stability of d(G·C-C)-based triplexes containing d(G·C-C) w trios. Finally MD-thermodynamic integration (MD-TI) studies were combined with high level ab initio data to determine the relative stability of triplexes containing d(G·C-C) w and d(G·C-C) i trios.
MATERIALS AND METHODS

Gas phase calculations
Dimerization energies were determined at the QM level using density functional theory (DFT) and the B3LYP functional (29) (30) (31) . Geometries of the isolated bases (monomers) and Hoogsteen base pairs (dimers) were optimized at the B3LYP/6-31G(d) level, and the minima were verified by frequency analysis. Single point calculations were subsequently performed at the B3LYP/6-31+G(d,p) level. The basis set superposition error (BSSE) was corrected using the counterpoise method (32) . The dimerization energy (∆E) was then defined from the interaction (intermolecular stabilization energy: E int ) and distortion (energy penalty due to change in monomer geometry upon dimerization: E dist ) terms, as shown in equations 1-3. In these equations the subscript refers to the chemical system (monomer or dimer), and the superscript means the basis set (isolated bases of Hoogsteen base pairs) used in the calculations. The fully optimized geometries in the dimer were used in all cases except in calculations marked with '(o)' which were done on the fully optimized geometries of each isolated monomer. Note that in fact E int is computed at the B3LYP/6-31+G(d,p) level, while E dist is determined at the B3LYP/6-31G(d) one.
Dimerization enthalpies, entropies and free energies were determined after introduction of zero point, thermal and entropic corrections (T = 298 K, P = 1 atm for ideal gas conditions). Such corrections were computed following the standard thermodynamic equations as implemented in Gaussian-94 (33) . In all cases B3LYP/6-31G(d) optimized geometries and frequencies were used.
The relative stability of the (G-C) i and (G-C) w complexes was first analyzed by comparison of the absolute energies, enthalpies and free energies of the two dimers. Energies were taken from B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) calculations while zero point, thermal and entropic corrections were introduced at the B3LYP/6-31G(d) level, as explained in detail above. In order to obtain an additional estimate of the relative stability of (G-C) i and (G-C) w complexes we combined (see equation 4) the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) estimates of the energies, enthalpies and free energies of association of the two dimers with MP4/6-311++G(d,p) thermodynamic values of the C↔C(i) tautomeric equilibrium (34) .
where X is a thermodynamic magnitude (energy, enthalpy or free energy), DFT means the B3LYP/6-31+G(d,p)//B3LYP/ 6-31G(d) calculations and MP4 the MP4/6-311++G(d,p) data.
Molecular dynamics simulations
MD simulations were performed to determine the stability of DNA triplexes containing the d(G·C-C) w trio. Two (10·10·10) DNA sequences which form MD-stable DNA triplexes (27) were studied: d(AGGGAAGGGA) and d(GAGAGAGAGA) (for the sake of clarity only the purine strand of the triplex is noted). For the first sequence d(G·C-C) w trios were introduced in positions 3 and 8 (numbering is always defined according to purine strand). For the second sequence a single d(G·C-C) w trio was introduced at position 5. All the rest of the d(G·C-C) trios were supposed to contain protonated cytosines. In all the cases the structures equilibrated from previous 1 ns MD simulations (27) were used as starting models, which were then modified manually to generate starting structures containing the d(G·C-C) w trios. These preliminary structures were neutralized by adding Na + ions, and immersed in boxes containing 4141 TIP3P water molecules (35) . These hydrated structures were subjected to our standard 10-steps equilibration process (36) which extends for >150 ps. The final equilibrated structures were then used as starting points for 1 ns of unrestrained MD simulation at constant pressure (1 atm) and temperature (298 K). Periodic boundary conditions and particle mesh Ewald [PME (37, 38) ] techniques were used to account properly for long-range electrostatic effects in all MD simulations. A 2 fs integration time step was used, and all bond distances were frozen using SHAKE (39) . The AMBER-95 force-field (40) was used to represent the DNA, and the TIP3P model (35) was used to model water molecules. Force-field parameters for protonated and imino cytosines were taken from our previous work (27) . Comparison with DFT calculations supports the appropriateness of force-field parameters (see below).
Free energy calculations
The relative stability of the Hoogsteen base pairs (G-C) i and (G-C) w can be determined after breaking the free energy of the (G-C) i →(G-C) w process in two contributions: (i) that arising from the intrinsic stability of the imino and amino tautomers of cytosine and (ii) that arising from the differential stabilization of the triplex structure in both imino and amino tautomers of cytosine. The first contribution can be taken directly from high level QM calculations (34) or experimental data (41) . The second term can be interpreted as the differential binding of a TFO with amino cytosine and a TFO with imino cytosine to a DNA. This later term can be determined from the differential change in free energy due to the mutation of an imino cytosine into an amino one in both a TFO and a triplex DNA (Fig. 3) .
Mutations were performed for position 8 of the d(AGG-GAAGGGA) triplex, and for a single strand oligonucleotide (the TFO) of sequence d(TCCCT). Our previous works (to be published) have shown that no dramatic differences can be expected from the use of single-strand oligonucleotides of different lengths (from 3 to 7); even the selection of a small sequence simplifies the calculation. Mutations were performed typically in the imino→amino direction, even though for the triplex we also performed one simulation in the amino→imino direction to verify the reversibility of the process.
The starting coordinates of the triplex in the TI simulations corresponded to the last structures obtained after 1 ns of MD for the d(AGGGAAGGGA) with Hoogsteen cytosine at position 8 in either amino or imino form (see above). Unfortunately, no such good models of the single-strand TFO exist, and so it was necessary to generate reliable and unbiased models using MD simulations. For this purpose, a first structure of the TFO was generated from standard B-type parameters (42) and was neutralized by adding Na + , and solvated by 824 water molecules. The temperature of the system was then increased up to 380 K during 100 ps, and the trajectory was then continued for 50 ps more at this temperature. The system was then cooled to 300 K during 100 ps, and further equilibrated during 20 ps. The final structure of this annealing process was then used as the first starting configuration for TI calculations of the TFO. The second starting configuration was obtained after repeating the annealing procedure noted above, but now using the last structure of the first annealing process as the starting configuration for a second annealing procedure. This process guarantees to start mutations from two representative configurations of a TFO in aqueous solution.
The mutation from the imino to the amino tautomers of cytosine in the TFO and triplex was performed in 21 or 41 windows. Each window consisted of 10 ps of equilibration and 10 ps of collection, leading to a total of 420 or 820 ps for each mutation. The comparison of results obtained from different simulation times (and different starting configurations) allowed us to check the ability of MD simulations to sample properly triplex and TFO configurational space. Following the standard procedure in AMBER5.0 for TI-PME calculations, not only inter-group but also intra-group (non-bonded) and constraint contributions to the free energy were considered. Free energy changes during the different mutations were corrected by the free energy change occurring for the same mutation in the gas phase (computed from 420 ps trajectories using the same simulation protocol). Following this procedure, intra-group contributions to the free energy change during the mutation are removed and the final numbers correspond to the difference between the free energy of solvation (in water or in the duplex) of amino and imino cytosines. All TI calculations were performed using PME and periodic boundary conditions (except obviously TI calculations in the gas phase), and the same technical details for the MD trajectories explained above.
Computational details
All QM calculations were performed using the Gaussian-94 package (33) . MD and TI calculations were carried out using AMBER5.0 computer program (43) .
RESULTS AND DISCUSSION
Gas phase calculations
B3LYP calculations show the exothermic character of the G-C Hoogsteen hydrogen bonding both following the imino or amino patterns ( Table 1 ). The interaction is quite strong, comparable to that of a canonical A-T pairing [-12.1 at the B3LYP/6-31G(d) level (44) , and around -13 kcal/mol from experimental measures (45) ], showing the large versatility of the recognition patterns of nucleic acid bases. The partition of the dimerization energy into interaction and distortion term demonstrates that Hoogsteen base pairing produces small distortion into the optimum geometry of the isolated bases. Interestingly, B3LYP/6-31+G(d,p) calculations show that the wobble pairing is almost 1 kcal/mol more favorable than the imino one (Table 1) . This result was also found at lower levels of DFT theory (28) , and is also quite well reproduced by AMBER force-field, which gives confidence in the reliability of this force-field. Note that the better binding of amino cytosines to guanine is not expected a priori, since the interaction of G with C(i) involves two hydrogen-bonds while the pair (G-C) w is stabilized only by one (we should note that DFT geometry optimization and MD simulations demonstrated that the wobble pair with a single N4→N7 hydrogen bond is more stable than that with a bifurcated O6←N4→N7 hydrogen bond). The reason for this apparently contradictory result probably lies in the weakness of the O2(G):N6(C) hydrogen bond in the (G-C) i pair (O-N distance of 3.6 Å after geometry optimization in the gas phase).
The relative stability of the (G-C) i and (G-C) w dimers in the gas phase can be further examined considering also the intrinsic difference of stability of the amino and imino tautomers of cytosine. A straightforward comparison of the absolute energies, enthalpies and free energies of the two pairs reveals that both at the B3LYP/6-31G(d) and B3LYP/6-31+G(d,p) levels the wobble pair is more stable than the imino pair by ∼3-4 kcal/mol ( Table 2) . Another estimate can be obtained by combining dimerization energies determined at the B3LYP/6-31+G(d,p) level with the differences in stability between neutral and imino (with the N4-H cis to N3) tautomers of cytosine determined previously at the MP4/6-311++G(d,p) level (34) . The high level composite (Table 2) confirms pure B3LYP estimates and suggest that in the gas phase a (G-C) w Hoogsteen-like pair is more stable than the (G-C) i one by ∼3-4 kcal/mol. A negative sign means that the wobble pair is more stable than the imino pair. Reference state for thermodynamic calculations is ideal gas at P = 1 atm and T = 298 K. All values are in kcal/mol. a These numbers were obtained by combining B3LYP/6-31+G(d,p) dimerization energies, enthalpies and free energies with MP4/6-311++G(d,p) estimates of the tautomerization energy, enthalpy and free energy of cytosine.
Molecular dynamics simulations
MD simulations for the two DNA sequences lead to stable trajectories, as noted in the small r.m.s. deviation (<1 Å) with respect to the average conformations obtained by averaging the configurations obtained in the last 500 ps of trajectories (Fig. 4) . The sugar puckerings are for all the structures in the East and East-South regions (phase angles typically ∼115-120_) consistent with a B-type puckering, even though a certain population of C4'-exo puckering is detected in the Hoogsteen strand. Finally, the average size of the three grooves is similar to that found in previous simulations of DNA triplexes (9, 16) . Thus, for the d(AGGGAAGGGA) triplex with wobble trios the width of the grooves are 8.9 (minor-major), 12.3 (minor) and 15.1 Å (major-major), values which match within <0.5 Å with the values found for the same triplex with imino trios (9) . For the d(GAGAGAGAGA) triplex the change of a central d(G·C-C+) trio by a d(G·C-C) w one leads to small changes (∼0.5 Å) in the width of the minor (11.8 Å) and minor-major (9.0 Å) grooves, but to a notable shrinking of the major-major groove whose width reduces from 16.1 to 13.4 Å.
Analysis of the H-bond scheme during the two trajectories demonstrated that the N4(C)-N7(G) H-bond is maintained during almost the entire (>99%) trajectory, while the N4(C)-O6(G) is
Analysis of sequence-dependent features of the two triplexes containing d(G·C-C) w trios reveals that little changes occur at the step with the wobble pairing. In fact, the most relevant changes occur due to the displacement of the cytosine to the minor-major groove (Fig. 5) , which leads to a slight increase in the size of the mM groove at the site of the d(G·C-C) w trio. It is also clear a certain change in sugar puckering in the Hoogsteen amino cytosine as noted in an increase of the phase angle ∼20-30_, leading to puckerings which are clearly C2'-endo instead of C1'-exo. Beside those changes no major distortions are clear at the steps with the wobble pairing compared with the rest of the helix. Finally, little changes in the solvation atmosphere of the triplexes (data not shown) are found upon introduction of d(G·C-C) w trios (data not shown).
In summary, ns MD simulations suggest that the structure of the triplex [with many contiguous d(G·C-C) trios] is consistent with the coexistence of protonated and neutral cytosines, either if the latter are in the imino or in the amino form. The introduction of amino Hoogsteen cytosines does not lead to any dramatic distortion in the structure of the helix, even though it introduces subtle changes in the helical structure.
Thermodynamic integration calculations
TI calculations were performed to determine the difference in 'binding' of an imino and an amino cytosine placed in a DNA triplex. As noted in Materials and Methods this implies to perform two mutations, one in a single-strand oligonucleotide (the TFO) and the other in a triple helix. As noted above these simulations were performed in the d(AGGGAAGGGA) triplex and in the d(TCCCT) single-strand oligonucleotide (Fig. 3) .
Due to the need to account for intramolecular contributions to the free energy in PME-TI calculations (43), a notable noise is a priori expected in the simulation, which makes the final number susceptible to substantial numerical errors. As a consequence, we were concerned about the reliability of free energy estimates derived from MD-TI calculations. To this end, we repeated each mutation several times, using different simulation procedures or different starting configurations. The results obtained (see below) give strong confidence in the calculations.
For the mutation in the single-stranded DNA, three simulations were conducted, starting from two different configurations (Materials and Methods), and using both 420 and 840 ps simulations. After correction of the intra-group contribution the free energy differences were -6.0 (trajectory of 420 ps starting from the structure obtained after one annealing procedure), -5.9 (trajectory of 420 ps starting from the structure obtained after two annealing procedures) and -5.4 kcal/mol (trajectory of 820 ps starting from the structure obtained after two annealing procedures). It is remarkable the extreme similarity between the free energy estimates obtained from trajectories of very different length (420 and 820 ps), and starting from different configurations, and the lack of discontinuities in the free energy profiles (Fig. 6) .
The free energy change during the imino→amino mutation for a single-stranded DNA corresponds (in an approximate way) to the change in free energy of hydration between imino and amino tautomers of cytosine. The average ∆∆G hyd obtained in our MD-TI calculations is -5.7 kcal/mol favoring the hydration of the amino tautomer. This number agrees well with MC-FEP and MST-SCRF estimates obtained for the isolated nucleobase (between -4 and -5 kcal/mol in ref. 34 ). In fact, if the imino→amino mutation is performed using a single oligonucleotide (820 ps MD-TI simulation) a ∆∆G hyd of -4.5 kcal/mol is found, matching our previous estimates, and supporting the quality of present simulations.
For the mutation in the triple helix the main concern is whether or not the conformational changes occurring upon imino→amino mutation are well captured during the MD-TI calculation. Inspection of structures strongly suggests that a 420 ps MD-TI simulation is able to properly reproduce the small conformational change in the triplex due to the change of cytosine from the imino to the amino form. To further assess this point and verify the quality of the free energy estimates, we repeated the mutation three times. The first was done for 420 ps changing from imino to amino cytosines, the second was performed in the same direction for 820 ps, and the last was carried out for 420 ps in the amino→imino direction, and starting from the equilibrated structure of the d(AGGGAAGGGA) triplex with amino cytosines (see above). The three mutations yield free energies (after correction of intra-group contributions) of -0.2 (trajectory of 420 ps starting from the imino structure), -2.1 (trajectory of 420 ps starting from the amino structure), and -1.6 kcal/mol (trajectory of 820 ps starting from the imino tautomer). Again, it is remarkable the similarity between the free energy estimates obtained from trajectories of very different length (420 and 820 ps), and starting from completely different configurations, and the lack of discontinuities in the free energy profiles (Fig. 6) .
In summary, despite the technical problems of these type of simulations it is clear that the simulation protocol used is able to provide converged results. Thus, statistical analysis of the results in Figure 6 shows that the mean estimates of free energy change can be obtained with standard deviations of just 0.2 (TFO) and 0.8 (triplex) kcal/mol, and standard errors of just 0.1 and 0.5 kcal/mol for both simulations. It is then possible to subtract free energy changes in Figure 6 to obtain the preferential 'binding' of a Hoogsteen imino cytosine in front of a Hoogsteen amino cytosine. Combining the different independent estimates of free energy in Figure 6 , we can obtain a differential free energy of 4.5 kcal/mol (standard deviation and error are 0.8 and 0.3 kcal/mol) favoring the binding of an imino cytosine (∆∆G binding ). This notably large difference is quite consistently reproduced in simulations, and seems to be out of the expected statistical errors. Accordingly, our results strongly suggest that the Hoogsteen imino cytosine is much more stabilized by the specific structure of the triplex than the Hoogsteen amino cytosine.
The existence of the (G-C) i pairs implies that the cytosine is in a minor tautomeric form. This means that preferential binding free energies should be considered for the 'intrinsic' stability of imino and amino tautomers. Experimental measures (41) suggest that in the gas phase the amino form is ∼1.4 kcal/mol more stable than the most stable imino. However, as noted previously (34) , the most stable imino form is that with the N4-H trans to N3, and not the imino form which can form the Hoogsteen-like pairing (that with the N4-H cis to N3). High level ab initio data (24) suggest that the imino form of cytosine able to form (G-C) i pairs is 3.0 kcal/mol less stable than the amino form [note that the ab initio procedure used in (34) reproduced the experimental free energy of tautomerization imino/amino with an error of just 0.1 kcal/mol]. Combining these results with MD-TI calculations we conclude that triplexes containing d(G·C-C) i trios are ∼1.5 kcal/mol more stable than those containing the d(G·C-C) w trios [at least in triplexes of sequence similar to that considered here (the only ones where the existence of neutral cytosines is expected) at neutral pH and low ionic strength]. That is to say, even though a certain percentage of wobble pairing is possible, the d(G·C-C) i trios are expected to be the major species in neutral d(G·C-C) steps of DNA triple helices.
The greater stability of triplexes with d(G·C-C) i trios noted by MD-TI calculations seems surprising since DFT (and force-field) calculations in the gas phase demonstrate ( Table 1) that there is not a preference for the (G-C) i pairing in front of the (G-C) w in terms of H-bonding. Analysis of Table 3 confirms that this is also true for triplexes in solution. That is to say, despite simple reasoning based on the counting of H-bonds (Fig. 2) , there is not any advantage in H-bonding between a (G-C) i and (G-C) w pairing. The energies for the entire systems were computed always neglecting the d(A·T-T) trios in the 5′ and 3′ ends. Stacking and H-bond are computed considering the three strands. The reduced systems [Trio(3), and Trio(8)] were defined as the central 3 or 8 d(G·C-C) (where the C is either amino or imino), and the two flanking d(G·C·C + ) trios.
Interestingly, and surprisingly, Table 3 shows that there is a dramatic difference (∼25 kcal/mol) in stacking energy between the triplex with two d(G·C-C) i and two d(G·C-C) w steps. Analysis of the stacking energy around positions 3 and 8 demonstrates that ∼85% of this difference stems from changes in the stacking in the two GGG sequences related to the tautomeric state of the Hoogsteen cytosines at positions 3 and 8. Due to the magnitude of the difference in stacking we performed QM calculations using our recently 6-31G(d)-parametrized GMIPp method (46) (47) (48) (49) (50) (51) to verify the accuracy of AMBER estimates. Calculations were performed on the C(i)-C + and C(a)-C + stacked dimers (in the triplex geometry). For these systems the classical stacking energies determined with AMBER force-field are +2.1 (amino) and -6.6 (imino) kcal/mol, which compare well with GMIPp values (+2.6 and -5.3 kcal/mol, respectively). The results support then the quality of AMBER5.0 to reproduce stacking interactions in this type of system, in agreement with findings reported by other authors (52) .
Partition of the total stacking energy into van der Waals and electrostatic terms demonstrated that dispersion interactions are ∼2 kcal/mol more favorable for the stacking of an imino cytosine between two protonated cytosines than that of a neutral amino cytosine. The reason for this difference probably lies in the best overlap of Hoogsteen cytosines in a d(G·C-C) i trio compared with the d(G·C-C) w one (Fig. 7) . However, the most important reason for the stacking preference of imino cytosines lies in the electrostatic contribution which favors the presence of imino cytosines in the Hoogsteen position of neutral d(G·C-C) trios by ∼8-9 kcal/mol. Such a large difference is due to a better fit of its charge distribution in the strong potential generated by the two flanking protonated cytosines.
In summary, MD-TI simulations strongly suggest that the d(G·C-C) i trios lead to a larger stabilization of the triplex than the d(G·C-C) w , and are more likely to exist in triplexes where not all the d(G·C-C) steps are protonated. Analysis of MD-averaged structures strongly suggests that the stacking term is responsible for the greater stability of the d(G·C-C) i trios.
